finite element model using two-dimensional coaxial circular sector elements has been developed to study radial and angular heat distribution problem in dermal regions of human limbs. The dermal region is made up of three layers, namely epidermis, dermis, and subcutaneous tissues. The muscles, bones, major blood vessels and fats form the inner core of the human limb. The model incorporates significant variations of physical and physiological parameters like blood mass flow rate, rate of metabolic heat generation, and thermal conductivity in each layer. The core temperature of the limb is at variable temperature along angular direction.
INTRODUCTION
The skin, or integument, is far more than just a covering for the body. It protects the body from invasion by microbes, from injury to delicate underlying tissues, from the injurious effects of chemicals, and from damage by ultraviolet radiation of the sun, thus serving as both a mechanical and a chemical barrier between the body and the environment.
The skin also plays a key role in temperature regulation, helping to retain body heat in a cold environment and dissipate excess heat when the body needs cooling.
The temperature is not equal, and not equally maintained in different parts of the body. The concept of core temperature alludes to a central and vital part of the body where the temperature is regulated accurately, contrasted to an outer shell in which the temperature fluctuates.
Two-thirds of the body may be considered core; this is essentially the head and trunk, at least the deeper part. The function of temperature regulation is to keep the temperature of the core, wRich contains the vital organs, as constant as possible. The temperature of the skin is always intermediate between the temperature of the blood and the temperature of the outside environment; the loss of heat is proportional to the gradient of temperature between the body surface and the environment [I] .
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It is well known that the detailed microvasculature geometry and blood flow distribution have a profound effect on the heat exchange between blood and tissue and the heat exchange of the tissue near the surface of the body with the external environment [2-41. This thermal interaction between tissue and blood has been the subject of many studies with varied applications. This includes temperature distribution studies in various internal organs [5-71. The skin, the subcutaneous tissues (dermal region), and the fat of the subcutaneous tissues are a heat insulator for the body. The insulation beneath the skin is an effective means of maintaining normal internal core temperature even though it allows the temperature of the skin to approach the temperature of the surroundings. Any abnormality in the skin and subcutaneous region can disturb the thermal balance of heat between the body and environment. Thus, the study of the thermo-regulation system of a human body under normal and abnormal conditions can prove to be useful for various clinical situations. This study becomes more interesting in human limbs where the shell temperature varies extensively in response to environmental temperatures.
The SST (skin and subcutaneous tissues) region is composed of an outer layer of stratified epithelium, the epidermis, and of a densely matted deeper layer of connective tissues, the dermis or corium. There are no blood vessels in the epidermis, so there is no blood flow and metabolic activity in this outer-most layer. The density of blood vessels increases as we go towards the dermis and becomes almost uniform in the subcutaneous tissues. Thus, the blood flow, metabolic activity, and thermal conductivity are most variable in the dermis and become almost uniform in the subdermal part. Below the subcutaneous tissues are muscles, bones, and major blood vessels comprising the core of the limb. Muscles are attached to bone, cartilage, ligaments, and to the skin. Those placed immediately beneath the skin are flat. The muscles which surround the trunk are broad and flat, and those of the limbs are long [8] .
The core of the main trunk of the body remains at almost uniform temperature, but in the limbs, the core temperature may vary under changing environmental conditions [9] . Temperature varies along the angular direction of the limbs. This is because the arteries carry blood from the trunk to the limbs from where this blood is carried back by veins to the trunk. The major artery, the subclavian artery, which is a large direct branch from the aorta close to the heart which supplies blood to the muscles of the arm, lies on one side of the limb while the superficial veins are responsible for carrying blood towards the heart. The superficial veins lie immediately beneath the skin, communicating with the deep veins at certain points, before the great venous trunks, lying on the other side of the limb, reach the heart. The blood coming in the vein is at a lower temperature than the blood in the artery. The theoretical analysis and interpretation of the data in all the foregoing applications has been based on the widely used bioheat equation (1) are, respectively, the Fick's law of diffusion; Fick's perfusion principle and rate of metabolic heat generation. Here p, E, K, and S, respectively, denote the density, specific heat, thermal conductivity and rate of metabolic heat generation in tissues. T and TA denote the tissue and arterial blood temperature, respectively. mb and Cb are mass blood flow rate and specific heat of the blood, respectively. Earlier, experimental investigations were carried out by Patterson [11, 12] to determine temperature profiles in the peripheral regions. Some of the numerous applications of this equation (1) are summarized in [13, 14] to study temperature variation in SST region by taking all the parameters as constants with two different values of thermal conductivity in two layers of SST region. Saxena and Arya [15] , Saxena and Bindra [16] , Saxena and Pardasani [17] , and Pardasani and Saxena [18] used analytical and numerical techniques to obtain temperature profiles in the SST region for one-dimensional steady state case. Some attempts have also been made to study these problems in skin and subcutaneous tissues involving abnormalities like tumors. Saxena and Pardasani [19] , Pardssani and Saxena [20] , and Pardssani and Adlakha [21] have also studied the temperature distribution in SST region involving tumors for a one-dimensional steady state case. Mitchell et al. [22] developed an analytical model to predict temperature levels as a function of time in human legs during cooling. Saxena and Bindra 1231 and Saxena and Gupta [24] developed a Pseudo-analytic approach to study the problem of heat flow in human limbs for a tw~dimension~ steady state case. This approach consisted of Ritz method and Fourier series. Weinbaum et ai. [25, 26] further developed and extended this approach to study the problems of heat flow in human limbs. From the above survey, it is noted that very little attention has been given to study two-dimensional temperature distribution in human limbs. It is the objective of this paper to develop the thermal model of peripheral regions of human limbs incorporating the effects of blood flow, metabolic heat generation and thermal conductivity. The result of this study will shed the light on the factors which influence the temperature profiles in human limbs.
Here, a two-dimensional steady state heat distribution problem in in v&o tissues of cylindrical regions resembling human limbs has been considered. The circular cross-section of the dermal region of limbs has been divided into three layers namely epidermis, dermis, and subcutaneous tissues, Each layer has different biophysical properties and the parameters are assumed to vary along the radial direction. The core temperature of the limb at inner boundary is taken as variable in angular direction as the two opposite sides of the inner core of a human limb may be at different temperatures. The outer surface is exposed to the environment and an appropriate boundary condition due to heat loss at the outer surface has been incorporated.
MATHEMATICAL FORMULATION
The model given by equation (1) has been developed in polar cylindrical coordinates for a two-dimensional steady state case as
The outer surface of the limb is exposed to the environment and heat loss at this surface takes place due to conduction, convection, radiation, and evaporation. Thus, the boundary condition at the outer surface is given by
where h is the heat transfer coefficient, T, is atmospheric temperature, L and E are, respectively, the latent heat and rate of sweat evaporation. The inner core of a human limb is at a variable temperature, and hence, the following boundary condition is imposed at the inner boundary:
T (aO, t?) = F(B). (4
Because of nonuniformity of the core temperature in the limbs, the problem of computing temperature distribution here becomes more interesting. Here, the human limb is assumed to be made up of three concentric cylindrical layers, each having different biophysical properties, with inner and outer radii equal to ae and as, respectively (see Figure 1) . Now the region has been discretized into subregions, i.e., into twenty-four elements of circular sectors with two of its sides curved along angular direction. The angular points of each element are the nodes. Equations (2) and (3) can be written in discretized variational form as given below: Here the second integral (A ce) = 1) is only for those elements which are exposed to the environment and A(") = 0 for remaining elements.
The following linear variation with respect to position along radial direction is assigned to conductivity, blood mass flow, and metabolic heat generation in each element: For SST region, the properties are almost uniform in subcutaneous tissues, and variable with respect to position in the dermis. There is no blood flow and metabolic heat generation in the epidermis. In view of the above, o1 , (e) at), pr', /3:', yi"', and yt' are taken ss given below. The following bilinear shape function for the variation of temperature within each element has been taken as IF(e) = @' + &r + .$'e -+ C$%3,
where &, 5, (3, and E4 are constants for the e th element (see the Appendix). As a special case, the following parabolic variation of temperature is assumed [23] at the inner boundary for F(B) in equation (4) as given below: Here T, is the core temperature at 8 = 0 near the body trunk and Tp is the temperature of core at 0 = T the other side of the limb. Also, T, is greater than Tp. Using the above assumptions and expression (6) in (5), the integrals Ice) are evaluated and assembled as
The integral I is extremized (see the Appendix) with respect to each nodal temperature T, (i = 1(1)32) to obtain a following set of algebraic equations in terms of nodal temperatures Ti (i = 1(1)32) XT=Y.
A computer program has been developed for the entire problem. The Gaussian elimination method has been employed to solve the set of equations (9) to obtain nodal temperatures which are substituted in (6) to obtain temperature profiles in each subregion.
NUMERICAL RESULTS AND DISCUSSION
The following values of physical and physiological parameters have been used [23, 24] to obtain numerical results: (ii) T, = 23"C, E = 0 Ml = 0.018 Cal/cm3-min.
deg. C S1 = 0.018 Cal/cm3-min. Figures 2-4 represent temperature distribution along angular direction for I;, = 15O C, E = 0, Tp = 34O C, and 35" C, and for T, = 23O C, E = 0, To = 35' C, respectively. Figures 5-7 represent temperature distribution along radial direction for the above cases. The profile T(m) in Figures 2-4 represents an inner boundary condition. The steepness of the curves decreases as we move from the inner core (T(Q)) towards outer surface (T(Q)). This steepness of the profiles is more at lower atmospheric temperatures and for larger differences in core temperatures at the two opposite ends (0 = 0 and 8 = 7~) and decreases with the decrease in difference between the core temperature of two opposite ends (see Figures 2 and 3 ) and with increase in atmospheric temperature (see Figure 4 ). This is due to the property of tissues and its parameters like blood flow, metabolic activity, etc. which undergo various changes to regulate body core temperature in order to achieve thermal equilibrium. Also, the gaps between the curves are more at lower atmospheric temperatures. This is due to the fact that more heat loss takes place from the surface to the environment at lower atmospheric temperatures. In Figures 5-7 , it can be seen that the slope of the curve changes at the junction of each layer (r = 6.5cms and 6.9cms). This is due to the different physiological properties of each layer. Also the temperature profiles fall downwards as we move towards the outer surface of the limb. This is due to the heat loss from the outer surface of the limb to the environment. Thus, the results obtained here are in agreement with the physiological facts. Also, the results obtained here are in agreement with those obtained by Saxena and Bindra (231.
If the circular shaped regions are approximated by triangular elements, then large numbers of elements are required to approximate the region and obtain the solutions with desired accuracy.
With the use of coaxial circular sector elements, less numbers of elements are required to approximate the region as compared to the use of triangular elements. Also, the present model can be further developed and extended to the deep tissues of human limbs where the properties also vary sector-wise along angular direction with the help of coaxial circular sector elements. Such variations along angular direction can also be incorporated. Thus, a finite element model using coaxial circular sector elements provides sufficient flexibiIity to obtain solutions for the thermal modefs of human limbs. The coaxial circular sector elements used here have made the use of a finite element approach easier and reduced the size of computations in the present problem. Similar thermal models of human limbs can be further developed to extract information regarding temperature variation in the tissues which could be of great use to the biomedical scientists to study the properties of tissues, develop methods and tools for computer-aided thermography, hyperthermia, and other biomedical applications.
APPENDIX
Here, Tee) given in expression (6) 
(12)
Here Tf' is taken to be equivalent to the average of two nodal temperatures on the inner boundary Here TN denotes the Nth nodal point temperature and N is the number of nodal points. Since a problem region contains twenty-four elements, the integrals given in equation (11) can be computed and extremized as given below:
and Here, (e) stands for the eth element. If', I$"', and If' will be functions of four nodal temperatures only, while 1f' will be a function of only two nodal temperatures which lie on the outer boundary and element (e) adjoining this boundary. In this continuation, the partial derivatives Using the term Tee) f rom equation (10) in (la), (13), (14) , and (15) 2.
x = k&x32 ) y = b"l32Xl .
